The primary motor cortex (M1) plays a critical role in early aspects of motor skill learning. Given the notion of inter-hemispheric competition, unilateral disruption of M1 may increase excitability of the unaffected motor cortex and thus improve motor learning with the ipsilateral hand. We applied slow-frequency repetitive transcranial magnetic stimulation (rTMS) before the initiation of practice of a simple motor skill. Participants were randomly divided into three stimulation groups: i) ipsilateral M1; ii) contralateral M1; and Cz (control site). Mean execution time and error rate were recorded in 4 sessions distributed over 2 days. Disruption of M1 with rTMS slowed down skill acquisition with the contralateral hand, but paradoxically enhanced learning with the ipsilateral hand. This was evidenced by a significant decrease of execution time at the end of day 1 in the group that received rTMS over the ipsilateral M1 compared to both control groups (Cz and contralateral M1 stimulation). This supports the notion of inter-hemispheric competition and provides novel insights that may be applicable to neurorehabilitation.
Introduction
Motor skill learning is a dynamic process occurring over time and involving plastic changes in different brain regions. The primary motor cortex (M1) plays a critical role in early stages of the acquisition of various motor skills (Pascual-Leone et al., 1994; Karni et al., 1995; Brashers-Krug et al., 1996; Muellbacher et al., 2002; Walker et al., 2003; Antal et al., 2004; Baraduc et al., 2004; Lu & Ashe, 2005) . During early stages after practice, the memory of a new motor skill is vulnerable to interference, for example by practice of another motor skill (Brashers-Krug et al., 1996; Walker et al., 2003) or disruption of M1 by transcranial magnetic stimulation (TMS; Muellbacher et al., 2002; Baraduc et al., 2004) . On the other hand, under certain circumstances learning of specific motor tasks can be facilitated by modulation of M1 activity (Bury & Jones, 2002; Antal et al., 2004 Antal et al., ). al., 1999 Hilgetag et al., 2001; Kobayashi et al., 2004) . Repetitive TMS (rTMS) of M1 can induce a temporary reduction of excitability in the targeted M1, and modify voluntary movement-related cortical activity beyond the duration of the rTMS train (Rossi et al., 2000) . TMS-induced disruption of M1 activity can enhance motor performance with the ipsilateral hand, presumably by modulating activity in the unaffected M1 (Kobayashi et al., 2004) . In the present study, we investigated whether transient suppression of the hand representation in M1 by low-frequency rTMS can modulate early aspects in motor skill learning with the ipsilateral hand.
Subjects and Methods

Subjects, motor task and study design
Twenty-four healthy right-handed volunteers (9 men, 15 women, mean age 25.1±5.1 years) participated in this study, which had been approved by the institutional review board. Subjects were randomly divided into three groups, matched for age and gender distributions. All were naive to the task, and were instructed to press four keys on a response box as quickly and precisely as possible using the left index finger, following a defined sequence (Fig.1 ). This sequence was repeated 12 times (48 key presses in total) in each block of the task. Mean execution time for each key press and error rate per block was calculated. Each block of trials was separated by a 20 seconds rest period, and 10 blocks composed a session. Each session lasted approximately 5 minutes. All subjects completed two sessions (S1 and S2) on day1, and another two (S3 and S4) on day2. Before S1, subjects received rTMS over the left M1 (ipsilateral to the used index finger), over the right M1 (contralateral), or over a control scalp position (Cz; as defined by the 10-20 International System for EEG electrodes). Mirror movements were ruled out by on-line monitoring of continuous EMG recordings. As an additional experiment, another 8 subjects with similar age and gender distributions (3 men, 5 women, mean age 26.3±5.2 years) were recruited and performed the same experiments without any TMS, in order to investigate the effect of rTMS itself.
Transcranial magnetic stimulation
Subjects were seated in a reclining chair. A tight-fitting white lycra swimming cap was placed on their head to mark the optimal scalp site from which TMS elicited MEPs of the largest amplitude in the contralateral first dorsal interosseous (FDI). Optimal scalp site was defined following recommended guidelines (Rossini & Rossi, 1998 ) TMS was performed with a 70 mm figure-eight-coil and a Magstim Rapid stimulator (Magstim, Dyfed, UK). MEPs were recorded from the FDI using surface electrodes and a Dantec Counterpoint electromyography (Dantec, Skovlunde, Denmark) with a band pass of 20-2000Hz. Motor threshold (MT) was defined as the minimum TMS intensity required to induce MEPs of >50 microvolt peak-to-peak amplitude in at least 5 of 10 trials in the contralateral target muscle, determined with TMS delivered to the optimal scalp site for induction of MEPs from the contralateral FDI (Rossini & Rossi, 1998) . The coil was held tangentially to the scalp, with the handle pointing 45° postero-laterally. Each rTMS session consisted of a 10 min train at 1 Hz frequency and an intensity of 90 % of the individual's resting MT. For the control position over the vertex (Cz), the intensity was set in reference to the highest MT of right or left hemisphere. Such low-frequency rTMS can temporarily suppress local cortical activity beyond the duration of the rTMS train (Chen et al., 1997) .
Data analysis
Mean (± standard deviation) execution time and error rate were calculated from the 48 keypresses in each block of trials. Across groups of subjects changes in execution time and error rate for the first and last block of trials in the four sessions were subjected to a mixed analysis of variance (ANOVA) with group and block as factors. The changes in execution time over the course of the first session were also analyzed. Paired t-tests (Fisher's PLSD) were used for post-hoc analysis.
Results
None of the subjects experienced any adverse effects during or following rTMS. The mixed ANOVA revealed a significant effect of block on execution time (F 7,147 = 56.37, p < 0.001) and a significant interaction between block and group (F 14,147 = 1.94, p < 0.05; Figure 2a) . Post-hoc tests demonstrated a significant decrease of execution time in the group that received rTMS to the ipsilateral M1 at the end of Day-1 (after S2), as compared with either of the other two groups (p<0.05, Fisher's PLSD test). Thus, while all subjects showed learning over time, subjects who received ipsilateral M1 stimulation learned faster than the control group, as indexed by quicker shortening of execution time and more rapid achievement of a performance plateau. Conversely, the group with rTMS to the contralateral M1 improved their execution time slower than the control and ipsilateral TMS groups, but this effect was not significant. At the end of the last session (S4) on the second day, there was no significant difference in performance among the groups of subjects (Figure 2a) . Figure 2b shows changes of execution time during the ten blocks of the first session (S1). Repeated measures ANOVA revealed a significant effect of block on execution time (F 9,189 = 20.77, p < 0.001) and a significant interaction between block and group (F 18, 189 = 2.02, p < 0.05). Post-hoc tests revealed that subjects with rTMS to the ipsilateral M1 significantly shortened their execution time after the second block of trials, the control group shortened it by the fourth to sixth block, while the group with rTMS to the contralateral TMS did not improved significantly at any block of S1 (p<0.05, Fisher's PLSD test). By the second block, subjects with ipsilateral rTMS performed faster than the control group, while subjects with contralateral rTMS performed slower than the control group at the fourth, sixth, seventh and ninth blocks (p < 0.05, Fisher's PLSD test).
In a follow-up experiment, task performance in subjects without any rTMS was compared with the control group receiving rTMS to Cz. Repeated measures ANOVA revealed a significant effect of block (F 7, 91 = 49.87, p < 0.0001), but no significant difference between the two groups nor an interaction of block and group, indicating that rTMS to Cz did not have any significant effect on motor skill learning. Furthermore, the data across subjects with ipsilateral, contralateral and no rTMS were subjected to statistical analysis, which showed similar results to those obtained with rTMS to Cz as control. Mean error rates for the three groups in the first block of day1 and the last block of day2 were 1.13±1.96% and 1.47±1.76%, respectively. There was no significant difference in error rates according to subject group or practice session.
Discussion
In the present study, we showed that suppression of M1 activity with slow-frequency rTMS enhances ipsilateral learning of a simple motor task while at the same time disrupting learning in the contralateral hand. These data add to a previous study by our group where it was shown that rTMS of the motor cortex improved execution time during a learned task performed with the ispilateral hand (Kobayashi et al., 2004) . Our data are also in agreement with those of a study in rats revealing that experimental unilateral M1 lesions enhanced learning of skills with the ipsilateral forepaw (Bury & Jones, 2002) . A possible mechanism for this paradoxical facilitation is that disrupting activity in M1 suppresses motor control and learning with the contralateral hand, while transcallosally disinhibiting the un-stimulated M1 and thus increasing cortico-spinal drive for the ipsilateral extremity. In humans, a unilateral stroke involving M1 can disinhibit excitability of the unaffected M1 (Shimizu et al., 2002) , and unilateral suppression of excitability in M1 with rTMS leads to a demonstrable change in cortical excitability and metabolic rates in the un-stimulated M1 (Chouinard et al., 2003) . The effects of rTMS on motor learning could also involve effects of M1 stimulation on frontal eye-fields or parietal lobes, thus affecting visual tracking or spatial attention (Pascual-Leone et al., 1994; Hilgetag et al., 2001; Antal et al., 2004) . However, while focality of rTMS is limited, studies combining rTMS with brain imaging in humans and animals reveal that when applied to M1 the effects of rTMS appear restricted to M1 and its impact along specific motor network connections, with negligible spread to prefrontal or parietal regions (Bestmann et al., 2003; Chouinard et al., 2003; Valero-Cabre et al., 2005) .
In addition to the ipsilateral effects of rTMS, stimulation of the contralateral M1 disrupted skill acquisition although it did not reach statistical significance. Several TMS studies have failed to show a significant M1 contribution to skill acquisition. Rather, it was found that TMS prior or during learning interfered with retention of specific motor skills. For example, Richardson et al. (2006) reported that rTMS over M1 prior to adaptation to a velocitydependent force field did not disrupt initial learning, whereas subsequent testing 24 hours after learning revealed increased error rates in stimulated subjects compared to control participants. Along the same lines, Hadipour-Niktarash et al. (2007) showed that singlepulse TMS over M1 led to no apparent changes in the rate of adaptation to a visuomotor rotation task. The effects of TMS were seen in the deadaptation period: participants that received TMS showed faster deadaptation rates than those that did not, suggesting again that TMS interfered with retention of the motor skill and not acquisition. It remains an open question as to why skill acquisition was enhanced ipsilaterally to rTMS while there was no significant change contralaterally (altough there was a clear trend). In light of reports suggesting that M1 involvement in motor learning is task-specific (Baraduc et al., 2004) , it would be of great interest to determine if the effect reported here can generalize to other types of motor behavior.
Constraint-induced therapy for post-stroke rehabilitation, i.e. immobilization of the healthy arm, can enhance functional recovery of the paretic hand by increasing motor learning (Liepert et al., 2000) . This benefit appears to involve decreased activity in the undamaged M1 (contralateral to the immobilization), reduced interhemispheric inhibition, and increased of the excitability in the affected M1 (ipsilateral to the immobilization; (Liepert et al., 2000) . Direct suppression of ipsilateral M1 excitability by rTMS may thus represent "central constraint-induced therapy". It should be mentioned, however, that the effects of rTMS reported here were short lived, such that performance at the end of the last session of the second day (S4) was not different between the three groups. Unlike healthy individuals, stroke patients may not be able to re-acquire lost motor skills in a few days, needing several weeks to reach best motor performance. As such, modulation of ipsilateral M1 activity in stroke rehabilitation may contribute to functional recovery when it is accompanied with appropriate physical or occupational therapy over an extended period of time. In this setting, rTMS could be used to "prime" M1 and allow for more efficient physical therapy. Clinical studies are needed to determine if this procedure can produce lasting recovery from motor deficits. Finger movement sequence. Subjects were instructed to press the keys in the numbered order with their left index finger, as accurately and quickly as possible. A) Changes in execution time. Each plot represents mean execution time in one practice block. Data from the initial block on Day-1 (baseline), the first block on Day-2, and the last one in each practice session are plotted. Execution time improved with practice sessions. In the group with rTMS to the ipsilateral M1, the execution time at the end of Day-1 (after S2) was significantly shorter than in the other two groups (*, p < 0.05). The group with rTMS of the contralateral M1 improved their execution times slower than the other two groups, but not significantly. Filled symbols indicate significantly shorter values than baseline (p < 0.05). Error bars represent standard error. B) Changes of execution time during the ten blocks of the first session (S1). Subjects with rTMS to the ipsilateral M1 improved their execution times faster than the other two groups. Conversely, subjects with rTMS to the contralateral M1 improved their execution times slower than the other two groups. Asterisks show the values that are significantly different from those of controls, indicating shorter or longer values. Filled symbols represent significantly shorter values than baseline, indicating significantly improved performance.
